I. THE SINGLE-ION IMPLANTATION METHOD
In the SII method [13] , single ions are extracted by chopping a focused ion beam (FIB) using a small aperture and high-frequency beam deection. The number of implanted ions is individually controlled by detecting secondary electrons emitted from a target or current change in a transistor upon the incidence of a single ion [4] . Because the number of ions extracted by chopping obeys a Poisson distribution, the number of ions extracted by a single chop must be suciently less than one. We have evaluated the number of extracted ions to be 0.001 ions/chop, given a beam current of 0.5 pA, a beam chopping transient time of 25 ns and an objective aperture of 20 µm. Thus, 1000 chops will extract a single ion on average; namely, the number of extracted ions per single chop (0.001 ions/chop) is suciently small so that multiple ions are essentially never extracted. A broad range of ion species, such as Be, B, Si, P, Ni, Cu, Ga, Ge, As, Pd, Pt and Au, can be individually implanted with an aiming precision of 50 nm and a probability of 50% (or potentially higher). The achieved secondary electron detection eciency is 90% due to the low probability of secondary electron emission.
This eciency has been enhanced to almost 100% by increasing the number of secondary electrons and controlling the substrate bias voltage (V g ) [5] . The secondary electron detection eciency increased as V g became increasingly negative and was found to be as high as 20% at -5 V. This enhancement enables the reliable detection of single dopants. Figure S1a , S1b, S1d, S1e). Two dopants were randomly placed at each site in the active channel region through single-ion implantation with an aiming accuracy of 50 nm with a probability of 50%. [9] To electrically activate the implanted ions, the samples were lamp-annealed at 900
• C for 1 min in N 2 . According to Fick's law of diusion, the additional consequent diusion length is of about 10 nm.
[1] Matsukawa, T., Shinada [7] Norton, P. Formation of the upper Hubbard band from negative-donor-ion states in silicon.
Figure 1: a we compare a not-implanted (black, sample r0) and an implanted (violet, sample a0) versions of a device with L = 500 nm and W = 100 nm. The sample a0 is doped at the same 100 nm implantation pitch of main sample a1. The two similar samples have similar threshold voltages V th and are measured at V ds of 11 mV and 15.5 mV respectively, at 4.2 K. Because of the shorter channel (a half of the sample a1 in the main text), 10 P donors (a half) have been implanted in the device by targeting 5 sites along the channel. Consequently, the device falls in the same density regime where impurity bands are formed. The lower conductivity of the implanted device at gate voltages above the threshold voltage with respect to the not-implanted sample are supposed to be determined by the impurity scattering and by the defects caused by the implantation process.
The not-implanted sample show neither conductance peaks nor Hubbard bands. b: three samples with identical size (L = 1µm and W = 200nm) and dierent implantation pitch measured at room temperature (V ds = 2.505 mV). The sample b1 (pitch of 150 nm, six implant sites for a total of 12 atoms) has an insucient density to create Hubbard bands and open sub-threshold transport channels. The sample a1 shows the Hubbard band (main text), while the sample c1 (pitch of 25 nm, 40 implant sites) falls in metallic regime, so the 1-dimensional density of states is lost and the at Hubbard band is replaced by a single metallic impurity band merged with the conduction band [10] , reminiscent of the 1-d Hubbard band. The slightly dierent threshold voltage of the three transistors is due to sample to sample variability before implantation (see [2] ). c room temperature Hubbard band in the sample a2 nominally identical to a1, measured at V ds = 2.505 mV. The dierent conductance in the at region is attributed to the sample-to-sample randomness in the coupling between neighboring donors and electron scattering. d: sample a3 with same length of a0 (L = 0.5µm and W = 250nm) and same implantation pitch (100 nm) measured at 4.2 K (V ds = 11.5 and 22.5 mV). Here, nine implant sites close to the center of the channel for a total of 18 atoms and insucient distance from the contacts to grant overlap but similar density at the center. The sample a3 shows no-sub threshold voltage current, as expected, even if the same density of samples a0, a1 is achieved, neither the upper Hubbard band nor the conductance peaks. e: sample d1 with same size of a0 (L = 0.5µm and W = 100nm) and insucient implantation pitch (250 nm, namely a single implantation of two P atoms in the center of the device) measured at 4.2 K (V ds = 6.5mV ). The device d1 is almost undoped and the insucient distance from the contacts to grant overlap forbids sub-threshold voltage current such as conductance peaks. Like sample r0, the sample d1 is too large to show any conductance peaks determined by quantum dots created by disorder, so only standard I-V curve is observed at 4.2 K. [11] . The number of conductivity peaks coincides with the number of implanted donors with an uncertainty of 1 and 2 respectively along both the axis. This fact, together with the absence of conductance peaks when the density is insucient (Figure SI 1b, 1d, 1e ) or dopants absent ( Figure  SI 1a ) excludes conduction band localization eects at the interface like those reported in Ref. [12] (which, for an average diameter of 28-37 nm, would produce about 50 localization sites for W = 100 nm and L = 500 nm of sample a0 and about 200 for W = 200 nm and L = 1000 nm of sample a1), as as alternative cause of the peaks.
